Copper is known to induce oxidative stress in a number of models. It was shown that many pathophysiological events were associated with oxidative stress. Further, oxidative stress can increase gene expression of cytokines and of metalloproteinases. We previously found that copper toxic effects in isolated perfused rat livers were associated with significant oxidative stress (as assessed by lipid peroxidation, protein oxidation and oxidative DNA damage, particularly at concentration of 0.03 mM of Cu 2+ in the perfusate). Here we investigated gene expression of tumor necrosis factor-alpha (TNF-α), interleukin-10 (IL-10), matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) in frozen liver tissue samples by the real-time PCR assay. Compared to controls, copper at concentration of 0.01 mM did not affect gene expression of TNF-α, IL-10, MMP-2 and MMP-9, whereas copper at concentration of 0.03 mM significantly decreased gene expression of all the four TNF-α, IL-10, MMP-2 and MMP-9 by 69%, 81%, 43%, and 62%, respectively. These results suggest that copper-induced oxidative stress in the isolated rat liver can lead to the suppression of gene expression. Because TNF-α and metalloproteinases are involved also in liver regeneration, the suppression of these genes by copper may be one of the mechanisms by which acute intoxication of animals and humans with copper may impair regenerative capability of the liver.
Introduction
Copper is an essential trace element involved in many biological processes, vital for normal functioning of organisms. Human body contains about 80 mg of copper and almost all of it is bound to proteins. An elevated level of serum copper was found in many chronic diseases such as Indian childhood cirrhosis and idiopathic copper toxicosis (Fuentealba et al. 2003) , which are consequences of genetic defects, as well as chronic hepatitis B and C (Lin et al. 2006) , cirrhosis (Garcia-Fernandes et al. 2005) , and liver tumor and metastases (Maeda et al. 2005) . Comparing with other organs, liver is the organ with the richest content of this element (Balevska 1972) . Acute intoxication of humans with copper leads to several metabolic abnormalities, including severe injury of the liver.
The alteration of gene expression is the most fundamental and effective way for the cells to respond to extracellular signals and changes in their environment (D'Angio & Finkelstein 2000) . It has been suggested that the disturbance of redox homeostasis followed by a rise of oxidative stress is the hallmark of the processes that regulate gene transcription in physiology and pathophysiology (Droge 2002) . The development of oxidative processes is associated with the participation of transition metals, which are considered to be the key to the mechanism of free radical-mediated tissue injury (Halliwell & Gutteridge 1985 , 1999 .
Cellular response to oxidative stress includes changes in the pattern of gene expression through regulatory factors. One of the superoxide-radical-sensitive and redox-sensitive transcription factors is the nuclear factor-kappaB (NF-κB) (Haddad et al. 2000) , which is required for the expression of many cytokines involved in the pathogenesis of diverse injuries. It has been suggested that one of the main mediators of warm ischemia-reperfusion injury of the liver is the proinflammatory cytokine -tumor necrosis factor-alpha (TNF-α) (Suzuki et al. 1997) . Also, TNF-α is respon-sible for hepatic injury as well as for complications after liver transplantation (Flach et al. 1998) . TNF-α effects are antagonized by interleukin-10 (IL-10). It protects the liver against pro-inflammatory cytokines, at least in part by counteracting their pro-apoptotic effects (Zhong et al. 2006) . On the other hand, TNF-α has not only negative effects on the liver, but it also plays an important role in liver regeneration (Schwabe & Brenner 2006) .
Many pathological processes involve breakdown and remodelling of the extracellular matrix, which is mediated by the matrix metalloproteinases (MMP). MMP-2 and MMP-9 over-expression has been reported in cardiac (Liu et al. 2006) , lung (Soccal et al. 2004 ) and brain ischemia-reperfusion injury (Ding et al. 2004 ). Similarly to TNF-α, MMP-9 was found to be an important mediator of liver regeneration (Olle et al. 2006) . Since ischemia-reperfusion injury is an example of oxidative stress, it is important to investigate the expression of MMP-2 and MMP-9 in a model of metal-induced oxidative stress.
In our previous study we found that perfusion of rat livers for 60 min with copper containing perfusate led to lipid peroxidation, protein oxidation and oxidative DNA damage (Alexandrova et al. 2007) . In view of these findings, the aim of this work was to study the influence of copper on the liver expression of cytokines and metalloproteinases. For this purpose, frozen liver samples were used to assess gene expression of TNF-α, IL-10, MMP-2 and MMP-9.
Material and methods

Animals
Male Wistar rats, weighing 250-310 g, obtained from Top Velaz Co. (Prague, Czech Republic), were used in the experiments. The animals were housed in an air-conditioned room at 22
• C, being fed standard rat chow and water ad libitum up to the beginning of the experiments. To induce anaesthesia, rats were intraperitoneally injected with 120 mg/kg ketamin/10 mg/kg xylazin.
Chemicals
All chemicals used were of the highest purity commercially available.
Liver preparation and perfusion
The liver was prepared as described elsewhere (Kukan 1999) . Briefly, the portal vein was cannulated with PE 240 tubing. The liver was flushed out in situ through the portal vein with 30 mL of Krebs-Henseleit bicarbonate buffer at a constant pressure of 12 cm H2O. Then, the liver was rapidly excised and transferred to a heated chamber of the perfusion apparatus and perfused for 60 min with the abovementioned buffer, containing CuSO4 in concentrations of 0.0, 0.01, and 0.03 mM of Cu 2+ as described elsewhere (Alexandrova et al. 2007) . At the end of perfusion, the liver was blotted and parts of the left lateral lobe were frozen in liquid nitrogen, using Wollenberger clamps, pre-cooled with liquid nitrogen. Frozen tissue samples were then stored at −70
• C until analysis. • C for 40 s. The specificity of amplification products was confirmed by dissociation curve analysis and gel electrophoresis. Data were analysed using the comparative cycle threshold method and reported as the relative change in target gene expression in experimental groups with CuSO4 compared to the control group (Applied Biosystems; Guide to Performing Relative Quantitation of Gene Expression Using Real-Time Quantitative PCR, 2004). Cycle threshold values were determined by automated threshold analysis with ABI Prism software. Cycle threshold values of endogenous control glyceraldehyde-3-posphate dehydrogenase (GAPDH) were constant under the used experimental conditions. The efficiencies of the target gene amplification and the endogenous control gene amplification were approximately equal. The primers used for RT-PCR analysis are shown in Table 1 .
Statistics
The data were analyzed by ANOVA test followed by the Bonferroni test for multiple comparisons. A difference was considered statistically significant if P < 0.05.
Results and discussion
Quantitative analysis of TNF-α IL-10, MMP-2 and of MMP-9 mRNA expression in rat liver tissues after perfusion without (control) or with CuSO 4 in the perfusate are shown in Figure 1 . In general, the addition of CuSO 4 into the perfusate at a concentration of 0.01 mM of Cu 2+ did not change the mRNA levels of TNF-α, IL-10, MMP-2 and MMP-9 in rat liver tissues after 60-min perfusion. However, 0.03 mM concentration of Cu 2+ in the perfusate significantly decreased gene expression of cytokines TNF-α (0.31 times lower; p < 0.001) and IL-10 (0.19 times lower; p < 0.01) and gene expression of metalloproteinases MMP-2 (0.57 times lower; p < 0.01) and MMP-9 (0.38 times lower; p < 0.01) relative to the control group (control equals 1).
Several different techniques have been used for estimation of metal-induced toxicity, but the model of an isolated perfused organ offers many advantages, which permit a performance of the experiments under precisely defined conditions at preserved, intact architecture of the organ. This model allows an easy manipulation with composition of the perfusion medium and gives the possibility to use the substrate and inhibitor concentrations that would not be tolerated in vivo, because of their toxicity. Also, variations of data due to alterations in perfusate flow and pressure or hormonal milieu can be minimized.
Several studies showed that copper was toxic in the isolated perfused rat liver (Deters et al. 1996; Strubelt et al. 1998; Alexandrova et al. 2007) . It is known that transition metal ions, as copper interact with DNA (Tkeshelashvili et al. 1991; Lee et al., 2002) . The formation of a DNA-Cu 1+ complex in aerobic aqueous solutions induced both in vitro and in vivo copper-mediated DNA damage (Drouin et al. 1996) . It has been suggested that many toxic effects of copper are related to its capacity to generate free oxygen radicals (Luza & Speisky 1996; Pourahmad & O'Brein 2000) .
The present experiments were based on the hypothesis that oxidative stress could increase TNF-α and IL-10 gene expression. According to Stohs & Bagchi (1995) the metal ions are able to increase TNF-α production. However, in their in-vivo studies Munoz et al. (2005) did not observe changes in TNF-α production after Cu supplementation in humans. As mentioned above, TNF-α plays an important role in liver regeneration (Schwabe & Brenner, 2006) . Oxidative stress induced by thyroid hormone in the liver, caused mRNA expression of the NF-κB-responsive genes for TNF-α and IL-10 (Fernandez et al. 2006 ). In the IL-10 knockout mice, apoptosis was found to be increased in a model of lipopolysaccharide-induced apoptosis (Zhong et al. 2006) , suggesting that IL-10 could inhibit liver apoptosis.
Both oxidative stress and MMP activity seem to be involved in the pathogenesis of many processes. Rajagopalan et al. (1996) reported that both MMP-2 and MMP-9 activities in cultured smooth muscle cells were increased by reactive oxygen species produced by macrophage-derived foam cells. Kameda et al. (2003) showed the correlation of oxidative stress with activities of MMPs in patients with coronary artery disease. Uemura et al. (2001) demonstrated that vascular MMP-9 activity was increased in diabetes due to oxidative A. Alexandrova et al. stress. On the other hand, both MMP-2 and MMP-9 were found to be the key mediators of liver regeneration after partial hepatectomy (Greene et al. 2004; Olle et al. 2006 ).
The present results showed a strong decrease of gene expression of TNF-α, IL-10, MMP-2 and MMP-9 by 0.03 mM copper in the perfusate, which was accompanied by significantly increased oxidative stress (Alexandrova et al. 2007 ). However, in other pathophysiological conditions, it has been found that oxidative stress is associated with increased mRNA levels of TNF-α, IL-10, MMP-2 and MMP-9 (Rajagopalan et al. 1996; Tapia et al. 2003) . The differences between the findings obtained here and those present in the literature may be due to the fact that development of oxidative stress might induce different cellular responses, depending on the level of free oxygen radicals achieved and the time of exposure (Droge 2002; Fernandez et al. 2006) . It is known that reactive oxygen species play an important role in cellular signalling and in the regulation of gene expression, but in their excess they are very toxic, impairing the cellular components. Accordingly, the presence of 0.03 mM Cu 2+ in the perfusate may result in a drastic increase of liver cellular oxidative stress, which might dysregulate signal transduction and gene expression through the onset of various negative feedback mechanisms (Droge 2002) . Probably the impairment of expression of TNF-α and of metalloproteinases may be one of the mechanisms by which copper may decrease liver regeneration after acute exposure of animals and humans.
